diameter or the number of arteries or the increase in the length of arteries. This rarefaction phenomenon of intracranial arterioles and capillaries related to high BP 17, 18 and flow-dependent remodeling of small arteries 19, 20 has been demonstrated in several animal studies.
Besides, it is a so-prevalent misconception that pressure and flow are two interchangeable parameters, which could be clarified easily by the typical exemplification of cerebral autoregulation. 17, 18 The blood flow perfuses the lowresistance vital organ, brain, partly through carotid arteries, of which the elastance determines the extent of pressure oscillations along the arteries. 21 Therefore, the relationship between carotid flow velocities and cognitive function cannot not be simply analogous to the relationship between BP and cognitive function.
We hypothesized that carotid flow velocity is associated with cognitive function, independent of BP. Therefore, this study was aimed to investigate the association between carotid flow velocity, cognitive function, and blood pressure in a community-based population.
MATERIALS AND METHODS

Study population
All of the participants in this study were from the I-Lan Longitudinal Aging Study (ILAS), designed to evaluate the complex interrelationship among aging, frailty, sarcopenia, and cognitive decline in the elderly people. Thus, community-dwelling people representative of the whole population of the I-Lan County of Taiwan were randomly selected for study from the County after informed consents were provided. 22 The inclusion and exclusion criteria were described in a prior study. 23 In brief, subjects were invited for ILAS if they were (i) inhabitants who presently live in I-Lan County without any moving plan out of I-Lan, otherwise he/she might be lost to follow-up, which incurs attrition bias; and (ii) residents 50 years of age or older 23 . Subjects were excluded if they were (i) unable to adequately communicate with the research nurses, (ii) unable to complete all evaluation tests due to poor functional status, (iii) expected to have a limited life expectancy due to major illnesses, and (iv) current residents in long-term care facilities. A total of 1,839 subjects were included in the ILAS. 23 The institutional review board of National Yang Ming University approved the study protocol, which adhered to the Declaration of Helsinki.
For Mini-Mental State Examination (MMSE), a raw score less than 24 in better-educated persons (education ≥ 6 years) or a raw score less than 14 in less-educated persons (education < 6 years) was defined as impaired global cognition. 24, 25 Participants with impaired global cognition were excluded and 1,684 subjects remained in our study.
Definition of variables
A questionnaire was used to collect demographic information, socioeconomic conditions, and medical history. Tobacco use was categorized into 3: nonsmoker, ex-smoker (quit more than 6 months), and current smoker. Participants who consumed alcohol were categorized as drinkers and nondrinkers. Subjects with school education duration longer or shorter than 6 years were classified as better or less educated, respectively.
Functional assessments including the Mini-Nutrition Assessment for nutritional status measurement 26 and the MMSE for cognitive function measurement 27 were performed on all participants.
To comprehensively evaluate the cognitive function, we used the copy test of the Taylor Complex Figure Test All of the participants underwent anthropometric measurements, including height and body weight. The body mass index was calculated accordingly. Baseline blood samples were obtained in the morning after an overnight fasting of at least 10 hours. Serum levels of albumin and total cholesterol were measured using an automatic analyzer (ADVIA 1800; Siemens, Malvern, PA).
Using an automatic BP monitor (A&D, Saitama, Japan) with a standard-sized cuff (13 × 50 cm), at least 3 SBP and DBP measurements were taken, with at least a 5-minute interval, from the right arm of the participants after they were seated for at least 5 minutes. The reported BP represented the average of 2 last consecutive measurements. Pulse pressure was calculated as SBP minus DBP. Participants with SBP of ≥140 mm Hg or DBP of ≥90 mm Hg at seating position and after 5 minutes of rest or those receiving antihypertensive medications were defined as having hypertension.
Carotid ultrasonography
The bilateral carotid arteries in longitudinal projections were investigated using an ultrasound instrument (Logiq 400 Pro; GE, Cleveland, OH) equipped with a high-resolution broadband linear array transducer. An experienced technician conducted the ultrasound examinations for all of the participants, who were examined in the supine position. Images were obtained bilaterally from the proximal common carotid artery (CCA) to the distal internal carotid artery (ICA), including the bifurcation, ICA, and external carotid artery. The intimamedia thickness was measured on the far wall of the CCA in a longitudinal view. The mean intima-media thickness, representing the average of the left and right intima-media thicknesses, was calculated for further analysis, with details provided in a previous study. 22 The maxima of peak systolic velocity (PSV) and the minima end-diastolic velocity (EDV) of the left and right flow velocities were measured by pulse-wave Doppler in the CCA and ICA for at least 3 cardiac cycles for blood flow velocity measurements. 15, 16 The pulse amplitude of flow velocity was the difference between PSV and EDV. We also calculated carotid flow pulsatility index, which was the difference between PSV and EDV divided by estimated mean flow velocity (see Supplementary Data). We further classified carotid flow velocities into 3 categories based on the lowest (<25th percentile), the intermediate (25th-75th), and the highest (≥75th) quartile carotid flow velocities. Age-, sex-, and education-adjusted P value < 0.05 for elderly people with mild cognitive impairment. Abbreviations: BMI, body mass index; CVD, cardiovascular disease; UA, uric acid.
*Age-, sex-, and education-adjusted P value. 
Statistical analysis
First, we evaluated the relationship between the level of MMSE and BP. Subsequently, associations of MMSE with carotid flow velocities were explored. Finally, the interrelationship among MMSE, BP, and carotid flow velocities was investigated. The associations between these parameters were ascertained either in continuous scale or by converting them into categorical variables. Some possible confounding variables might explain the observed relationships between blood pressure, carotid flow velocities, and cognitive function. Therefore, in the multivariable regression analysis, we included parameters that significantly correlated with MMSE into the statistical models. We first carried out the multivariable regression with stepwise selection and the significant covariates were as the candidate variables. Then, we selected those significant variables as control covariates in the multivariable models. The finial multivariable models included the controlled covariates with age, sex, education, smoking, nutrition, SBP, hypertensive medicine, and fasting glucose.
All of the participants were classified into 3 groups stratified according to their cognitive function as assessed using the MMSE. The first and third quartiles of MMSE were 24 and 29, respectively. We classified all elders into 3 ordinal cognitive function groups for evaluating the association between carotid flow velocity and cognitive function with logistic regression. 33 We comprehensively analyzed all parameters of carotid flow velocities and BPs (refer to Supplementary Tables1-4) on their associations with cognitive function, but only parameters with statistical significance are presented in the Results section. The standardized β values of SBP, PSV, and EDV for MMSE were also estimated in the multivariable linear regression analysis. The standardized β was used to compare the impact of SBP and carotid flow velocity for cognitive function. The standardized β, by using the same unit in the denominator (SD), could be used to compare the influences of different independent variables, i.e., the higher the absolute standardized β, the larger explanatory power the corresponding variable could offer for cognitive function. Subsequently, multivariable logistic regression was performed to evaluate the relationship between the severity of cognitive dysfunction and low PSV and low EDV, as well as the association between the degree of cognitive function and SBP.
RESULTS
Study characteristics
Of the 1,684 participants without any evidence of dementia, 47.6% were males. The mean age all the participants was 63.4 ± 8.9 years, with 38.7% subjects of primary school.
On the basis of their MMSE scores, the elderly participants with low MMSE were characterized by older age, low proportion of smoking and alcohol drinking, worse nutritional status, and poor controlled blood sugar (Table 1) .
Blood pressure and carotid velocities. As shown in Figure 1 , SBP is significantly and inversely associated with PSV and EDV with small R 2 values (0.0126 and 0.0326, respectively). Abbreviations: CI, confidence interval; EDV, end-diastolic velocity; ICA, internal carotid artery; MMSE, Mini-Mental State Examination; PSV, peak systolic velocity; SBP, systolic blood pressure.
a The multivariable models included age (years), sex (men vs. women), education (>6 vs. ≤ 6 years), smoking habits (never, quitted, and current), mini nutrients assessment, hypertensive medicine (Yes vs. No), and fasting glucose.
b The cut points of carotid flow velocity were first quartile (<25th percentile) and third quartile (>75th) of the distribution. ICA_PSV and ICA_EDV were tested in the multivariable models separately, whereas the SBP and carotid flow velocities were concurrently examined in the models.
Blood pressure and MMSE. SBP (r = −0.206), DBP (r = −0.09), and pulse pressure (r = −0.232) were negatively associated with cognitive function (all crude P < 0.05). However, after adjustments for age, sex, and education, only pulse pressure was significantly associated with MMSE (Supplementary Table 3) .
Evaluation for interaction. We also evaluated whether there were interaction effects of sex (P = 0.1940 for EDV and P = 0.0425 for PSV), education (P = 0.5153 for EDV and P = 0.2323 for PSV), and hypertension (P = 0.4658 for EDV and P = 0.1023 for PSV) on the association between carotid flow velocities (including EDV and PSV) and cognitive function. Table 3 ).
The prevalence of low MMSE (≤24) decreased with increased ICA PSV ( Figure S1A ) and decreased with increased ICA EDV ( Figure S1B ). Ordinal logistic regression was performed to investigate the risk of low carotid flow velocities (both PSV and EDV) to low MMSE (Table 2) .
We further adjusted for the age, sex, education, smoking habits, hypertensive medicine, nutrition assessment, and fasting glucose in the multivariable linear model; PSV and EDV at ICA were separately associated with MMSE, independently of SBP (Model 1 and Model 2 in Table 2 ).
Moreover, ordinal logistic regression was conducted and those with lower PSV (<60 cm/second) had increased 53.8% likelihood (95% confidence intervals: 1.142 to 2.071) and those with middle PSV (between 60 and 68 cm/second) had increased 41.5% likelihood (95% confidence intervals: 1.109 to 1.806) for lower MMSE, compared to those with the higher PSV (>68 cm/ second; Model 1 in Table 2 ). The associations between EDV and low MMSE were similar (Model 2 in Table 2 ).
Carotid flow velocities, blood pressure, and MMSE.
The positive association between carotid flow velocities and MMSE was independent of SBP. The MMSE score increased by PSV groups (Figure 2A ) and by EDV groups (Figure 2B ), stratified by SBP groups (<120, 120-129, 130-139, and ≥140 mm Hg) (Figure 2) .
Further evaluating the combined influence of carotid flow velocities (both PSV and EDV) and SBP on cognitive function, participants with the lower carotid flow velocities and higher SBP were both independently and inversely associated with cognitive function (MMSE score). Participants with lower PSV (<60 cm/second) and high SBP (≥140 mm Hg) had the lowest MMSE scores (24.4) (Figure 2A) . Similarly, those with lower EDV (<27 cm/second) and high SBP (≥140 mm Hg) had the lowest MMSE scores (24.0) ( Figure 2B ).
MMSE scores were independently associated with PSV and EDV (positively), and SBP (negatively) in the multivariable model after adjustments for age, sex, education, fasting glucose, and antihypertensive medicine. The standardized β values of SBP, PSV, and EDV in their associations with MMSE were about −0.061, 0.067 (P = 0.0009), and 0.067 (P = 0.0021), respectively ( Table 2) .
Association between carotid flow velocity and different neuropsychological tests
We further investigated the associations between carotid flow velocities and different cognitive function tests. For visuospatial function, we found that ICA PSV was significantly associated with complex figure test. As shown in Table 3 , the ICA flow velocities were significantly Table 4 ).
DISCUSSION
Major findings
Carotid flow velocities, both PSV and EDV, were positively associated with cognitive function in our community sample free from dementia, and there was also an independent association between SBP and MMSE score. We demonstrated that both low carotid flow velocity and high BP were related to cognitive decline. We also confirm that older age, female sex, low education, and malnutrition are all positively associated with impaired cognitive function, as demonstrated in other previous studies. As such, reduced cerebral flow velocity plays a role in the pathophysiology of cognitive function impairment and may reflect increased intracranial arterial resistance. As carotid flow velocities are the origin of cerebral flow velocity and are significantly associated with MMSE, these may be involved in the early stage cognitive dysfunction.
This study further clarifies the relationships among BP, carotid flow velocities, and cognitive function. Considering that high BP, an easily obtainable parameter, has been established as an independent risk factor of cardiovascular diseases 34 and dementia, 1 arterial blood flow is usually regarded as an adjunct to BP. However, carotid flow velocities have an inverse (not a positive) association with BP in our study (Figure 1 ). Cerebral autoregulation is an important characteristic of the cerebral circulation to maintain the parenchymal perfusion at relatively constant levels over a wide range of arterial pressures, and the BP limits of this constant perfusion zone could be shifted upward in subjects with hypertension. 17, 18 We further demonstrated that high BP is associated with reduced carotid flow velocities (Figure 1) . Therefore, for subjects exposed to high BP over a certain period, not only is the BP limit of the cerebral autoregulation zone shifted, but also the constant level of the cerebral blood flow is decreased. The cerebral autoregulation curve depicting the relationship between flow (y-axis) and pressure (x-axis) could be shifted downward and rightward in subjects with hypertension. Moreover, both low carotid flow velocity and high BP are independently associated with low MMSE in this population. Therefore, carotid flow velocities and high BP may play an independent role in development of cognitive function impairment.
Carotid flow velocity and cognitive function
A cross-sectional study conducted on elderly people with carotid artery disease has revealed that both higher PSV and EDV of the CCA are related to a higher MMSE score. 35 However, PSV alone is associated with MMSE in the multivariable model (adjusted for age, smoking, and depression). This study further demonstrates that the PSV of the carotid artery is associated with MMSE and that this association is independent of other important confounding factors such as age, SBP, education, smoking, and malnutrition.
Cerebral blood flow velocity and cognitive function
Carotid flow velocity may be representative of and positively associated with cerebral blood flow, 36 which, in turn, is significantly associated with cognitive function. [37] [38] [39] The Rotterdam Scan Study 39 reveals that lower total cerebral flow is associated with worse information-processing speed, executive function, and global cognition. Antihypertensive agents may increase cerebral blood flow and improve attention, mentation, and visual memory, 38 whereas carotid endarterectomy can improve cognitive improvement in attention and executive functioning in patients with impaired middle cerebral artery flow. 40 
BP and cognitive function
The association between BP and cognitive function has long been recognized. Two cross-sectional studies, the Chicago Health and Aging Project 41 and the Baltimore longitudinal Health study of Aging 42 have shown that there was a J-shape or U-shape relationship between systolic BP and cognitive dysfunction. Furthermore, the longitudinal studies [43] [44] [45] also supported this observation. In this study, the elderly subjects with SBP ≥140 mm Hg had higher risk for cognitive dysfunction compared to those with SBP between 120 and 129 mm Hg. A systematic review suggests that a high BP at midlife is a risk factor for cognitive impairment in later life, 1 whereas low DBP and very high SBP in older adults may be associated with the subsequent development of dementia.
Carotid flow pulsatility index and cognitive function
The Reykjavik study showed that carotid pulsatility was associated with brain structure and cognitive function 11 in the elderly population. Our study supported the negative association between carotid pulsatility index (delta flow velocity/estimated mean flow velocity) and cognitive function (β = −0.198, P value < 0.0001, Supplementary Table 3) . However, such an association failed to reach statistical significance after adjusting for age, sex, and education. Our study showed that lower flow velocities (PSV and EDV) were associated with a higher probability of cognitive dysfunction in elderly people without dementia independently of age, sex, education, and other potential confounders. The inconsistent results between this study and the Reykjavik study may be related to the differences of population characteristics, such as age (67 vs. 63 years) and degree of flow pulsatility (1.7 vs. 1.4). More studies are required to elucidate this association.
Study limitation and strength
Several limitations in this study need to be addressed. First, this study was cross-sectional design; it is not fitted for causality inference, just for association conclusion. Second, the blood pressure was measured in once and it may not represent the genuine influence of blood pressure. conception and design, analysis and interpretation of data; revising it critically for important intellectual content; acquisition of data. We certify that this study is a novel work by demonstrating that carotid flow velocity, independent of systolic blood pressure, has a significantly positive association with cognitive function in an elderly population without dementia. Carotid flow velocity may therefore play an independent role in development of cognitive function impairment.
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